We study experimentally the process of the second harmonic generation by two noncollinear beams in quadratic nonlinear crystals with a disordered structure of ferroelectric domains. We show that the second-harmonic radiation is emitted in the form of two cones as well as in a plane representing the cross-correlation of the two fundamental pulses. We demonstrate the implementation of this parametric process for characterisation of femtosecond pulses, enabling the estimation of pulse width, chirp, and front tilt. This is achieved through monitoring the evolution of the autocorrelation trace inside the nonlinear crystal.
Introduction
Recently, it was demonstrated that quadratic nonlinear crystals consisting of antiparallel ferroelectric domains with randomized sizes and positions can be employed for the phase-matched second-harmonic generation (SHG) in a wide spectral range of the crystal transparency window without a need of angle alignments or temperature tunings (see, e.g. Refs. [1, 2, 3, 4] and references therein). Such a disordered nonlinear medium has a great advantage over other types of quadratic media where the phase-matching conditions require either birefringence or engineered periodical poling of the nonlinear quadratic medium. The frequency-independent phase matching in the unpoled crystals is known to occur due to randomness in the size and distribution of the antiparallel ferroelectric domains. The needle-like ferroelectric domains are orientated along the Z-axis (c-axis) of the crystal, and thus they create an effective two-dimensional nonlinear photonic structure (2DNPS) with a constant linear refractive index but randomly alternating sign of the nonlinear quadratic response. A prominent example of such nonlinear media is an unpoled crystal of Strontium Barium Niobate (SBN). The diameter of its domains varies typically between 1 μm and 8 μm [2] , and it can even reach the sub-micron dimensions [4, 5] . Such disordered 2DNPS can be considered as being composed of an infinite number of χ (2) gratings where the corresponding reciprocal vectors have random magnitudes and orientations in the X-Y (a-b) plane. In this way, an infinite number of reciprocal vectors is available to realize different types of the phase matching conditions. It has been demonstrated recently that depending on geometry of interaction the second-harmonic (SH) radiation can be generated either in the form of a cone [3, 4, 6] or in a plane [3, 4] depending on whether the fundamental wave propagates along or perpendicular to the c-axis of the crystal, respectively. The planar emission of the SH waves occurs with almost equal efficiency in both forward and transverse directions. For any other propagation direction of the fundamental beam (except for the direction perpendicular to Z) the generated SH wave is emitted in the form of a cone. The bigger the deviation from axis Z is, the bigger is the cone angle [3, 7] .
In this paper, we study noncollinear interaction of short optical pulses in a SBN crystal with disordered domain structure by using two fundamental waves intersecting inside the crystal. We demonstrate that these two waves can generate a SH wave in a plane. We investigate the spatial structure of the transversely generated SH radiation along the propagation direction and show that this effect may be employed as a simple tool for monitoring both the structure and evolution of short pulses in nonlinear media.
Phase-matching conditions and parameters of the SH emission

Phase-matching conditions
In our earlier papers on parametric processes in unpoled SBN crystals, we considered mainly collinear pump interaction schemes [3, 8, 9] . For a single fundamental beam propagating along or perpendicular to the optical axis (which coincides with the domain orientation) the phasematching condition results in SH radiation emitted in a form of a cone or a plane.For counter- propagating pumps being either perpendicular to [8] or directed along the z-axis [9] the SH signal is also emitted in a form of a plane.
Here, we consider two fundamental beams propagating in crystallographic plane X − Z of the SBN crystal and forming angles −α and +α with the X axis. Then the general vectorial phase-matching condition for SHG is written as k 2 = k 1 + k 1 + G, where k 1 , k 1 and k 2 are the wave vectors of the fundamental and second-harmonic waves, respectively, and G represents one of the reciprocal vectors available from the infinite set of vectors provided by a disordered nonlinear photonic structure. The phase-matching conditions that require three-dimensional consideration are visualized in Fig. 1(a) . The blue arc defines the geometrical place of the k 2 direction. All reciprocal vectors G are situated in the X −Y plane. Taking into account that these vectors can take any length and direction within this plane, we notice that all possible phasematching triangles determine that the SH radiation is emitted in the form of a plane coinciding with the crystal X − Y plane.
Parameters of the SH emission
Because the SH signal is generated in the area where the pulses from each fundamental beam overlap, the width of the emission region is directly related to the pulse length and beam size [see Fig. 1(b) ]. Let us consider two distinct limiting cases: (i) interaction of long pulses, when the pulse width τ 2ρ tan α/u, where α is the angle between each of the beams and the crystal axis X, ρ is the beam radius, and u is the speed of light in the crystal; and (ii) interaction of short pulses when τ 2ρ tanα/u. In the case (i), the SH radiation is generated from the volume overlap of the two fundamental beams and the width of the emission area Δz is defined as Δz = 2ρ/ cosα. In the second case (ii), the SH emission area is defined by the temporal overlap of both pulses and has form of a thick line with the width of Δz = τu/ sinα. This relation is valid for identical rectangular pulses with the duration τ. In the case of Gaussian pulses, the width of the SH emission area will be √ 2 smaller [10]
leading to following relation τ = Δz √ 2sin α/u. This is the well-known formula for the pulse duration single-shot measurements by noncollinear SHG experiments, see e.g. Refs. [10, 11, 12] . The difference is that in the traditional pulse-duration measurement techniques the recording of the SH trace is performed in forward direction, integrated over the crystal length. This is due to the fact that the phase-matching conditions are only fulfilled in the forward direction. In the situation considered here, we deal with an emission also in the transverse direction, due to the specific for this type of media all-directions random quasi phase matching [13] . Therefore, the two-pulse overlapping volume is moving towards the output face, resulting in a SH line as illustrated in Fig. 1(b) . Monitoring transversely the width of this line along the crystal length can now provide an additional information about the pulse evolution inside the SH crystal.
Experimental results and discussion
Two types of experiments have been conducted by using light sources with different wavelengths and pulse durations. In the first experiment, the fundamental waves are generated by a femtosecond MIRA (Coherent) oscillator tuned to 810 nm, with the pulse duration τ = 180 fs and repetition rate 76 MHz. In the second experiment, we use a Nd:YAG laser [14] delivering 8 ns pulses at 1064 nm wavelength with repetition rate of 10 Hz.
The schematic representation of the experimental geometry is displayed in Fig. 2 . The incoming infrared laser beam is split into two equal parts (with the amplitudes E A and E B ) which are incident at an unpoled SBN crystal (5 × 5 × 10 mm, all sides polished) under an acute angle such that the two beams intersect in the central part of the crystal. The externally measured intersection angle 2α ext in different measurements is in the range of 20 • − 28 • . We note that it is essential to have a large beam width in the plane of the crossing angle in order to fulfil the requirement for short pulse nonlinear interaction discussed above. For this reason, the beams are focused in the crystal with a cylindrical lens ( f = 10 cm), resulting in beam transverse dimension in the range of 2.2 mm×0.43 mm. The path lengths of both incident beams are adjusted to ensure that the propagating pulses meet inside the crystal.
In the experiments, the polarization vectors of both pump beams are chosen to be extraordinary, being directed along the crystallographic axis Z. The generated SH radiation is also polarized along Z indicating the interaction of the type e A e B − e SH . This interaction gives the highest efficiency compared with other two possible geometries, namely o A o B − e SH and o A e B − o SH . In this notation, 'e' means an extraordinary wave and 'o' -an ordinary wave. The 4mm point symmetry group of the SBN crystal determines nonzero components of the second-order nonlinearity tensord (2) . Since the direction of the fundamental beams is close to or coincides with the crystallographic axis X, the relevant χ (2) component for e A e B − e SH is d 33 .
The photos in Fig. 2 illustrate experimentally observed (a) transversely and (b) forward emitted SH signal for the noncollinear interaction of the fundamental beams in the SBN crystal. In each photograph, the central line appears only if two femtosecond pulses overlap inside the crystal. Blocking one of the beams or introducing a relatively large delay (> 2 ps) for one of the pulses makes this line to disappear. The two arcs located symmetrically on each side of the central trace represent the conical emissions from each individual pump beam [3, 4, 6] . They are formed as a result of the collinear interaction of the fundamental photons within each beam. The internal cone angle β is defined by the phase-matching conditions similar to that discussed in Refs. [3, 6] but modified to account for an arbitrary position of the fundamental beam with respect to the X axis. Actually, the cone angle β can be found from the relation [3, 7] 
Based on the internal angle α corresponding to the present experiment, we obtain that the external cone angle β ext = 79 • . The transverse distribution of the middle trace inside the crystal represents the autocorrelation (AC) signal of the incoming femtosecond pulses [10] . It is important to note that the SH signals from the fundamental beams are emitted conically and propagate at different angles. Therefore they do not interfere with the correlation signal, rendering it background-free. Figure 3 shows the AC trace measured for the case of 810 nm fundamental waves. As both pulses enter the crystal simultaneously, the trace is located centrally inside the geometrical region of an overlap of both incoming beams. The plot on the right depicts a detailed profile of the AC trace. In the presence of a temporal delay between the fundamental pulses, the AC line will shift transversely to left or right by δ z = uδt/2 sinα, as illustrated by the movie associated with this figure. This lateral shift can be used to calibrate the AC measurements. On the right hand side of Fig. 3 , a digitized trace from the region close to the entrance side of the crystal is shown. According to Eq. (1), its width gives the FWHM pulse duration of 193 fs .
In Figs. 4(a-b) we demonstrate the dependence of the width of the planar SH emission on the pulse duration. For long (8 ns) pulses [ Fig. 4(a) ] the trace fills the entire overlapping area of the beams. In this particular experiment the intersection angle 2α ext ≈ 22 0 . On the other hand, in the case of femtosecond pulses [see Fig. 4(b) ] the trace has a form of a narrow line located inside the area of an overlap of both beams. In this case, the thickness of the trace directly reflects the pulse duration, with intensity distribution representing the AC function of the pulses. Figure 4(c) illustrates the cross-correlation signal obtained when one of the beams contains a sequence of two pulses separated by a delay of 837 fs. This pulse doublet is obtained by splitting the original femtosecond pulse utilizing the difference in the velocities of the orthogonally polarized pulses in a birefringent lithium niobate crystal [8] . As a result, the correlation trace has a form of two parallel lines. The movie accompanying Fig. 4(d) illustrates schematically the formation of an AC trace, cross-correlation trace, and pulse front tilt.
Another attractive feature of the transverse recording of the AC traces is a possibility to monitor the evolution of the pulses during their propagation in the SH crystal. This evolution provides important additional information for the initial chirp of the pulses. Indeed, our experimental results [ pulse chirp during the propagation in the dispersive SBN crystal, as well as a possible existence of an initial pulse chirp. Assuming that the pulse propagating inside the crystal is not modified by nonlinear effects (being only affected by the group-velocity dispersion of the SBN crystal), we can estimate the value of the input pulse chirp by measuring the pulse broadening. In order to check if the pulse evolution inside the SBN crystal is indeed not affected by possible third-order nonlinear effects, we compare the spectra of the fundamental and SH beams [ Fig. 5(right) ]. We see that the fundamental spectrum is not distorted, and the SH spectrum is exactly √ 2 broader, as should be expected for the SHG process without depletion and group-velocity mismatch.
The results in Fig. 5 (left) illustrate the broadening of the AC trace for three different alignments of the laser. Note that, despite the identical initial AC width in all three cases, the rate of its expansion varies significantly. In order to explain this behaviour, we took into account a possible initial linear chirp. In this case, we theoretically calculate the broadening of the AC trace, Δz(x) as follows,
where Δz 0 is the AC trace width close to the input face, and τ chirp is the dispersion-induced broadening of the femtosecond pulse duration, assuming Gaussian pulse profile [15] τ chirp (x) = τ 0 (1 + 4ln2Cβ 2 x/τ 2 0 ) 2 + (4ln2β 2 x/τ 2 0 ) 2 ,
with parameter C representing an initial chirp. The results of calculations using the above formula are depicted as solid, dashed and dash-dotted lines in Fig. 5 . Very good agreement between theory and experimental data is obtained assuming linear chirp of C = 0, C = 0.55 and C = 1.3, for the three lines respectively. In these calculations we also assumed that β 2 (SBN) = −466 fs 2 /mm and τ 0 = 190 f s (FWHM).
This result demonstrates the applicability of the experiments in random nonlinear media to monitor not only the pulse duration, but also the presence of an input chirp through monitoring the evolution of femtosecond pulses inside the SH crystal. In addition, the scheme can directly visualize in the transverse direction the pulse front tilt [see movie in Fig. 4 ]. In this case, the AC trace will not coincide with the crystal X axis but will be tilted at an angle directly related to the pulse front tilt [16] .
Conclusions
We have studied the second-harmonic generation by noncollinear fundamental beams in a nonlinear quadratic crystal with disordered distribution of ferroelectric domains. While the overall efficiency of this parametric process is low, this effect allows us to realize a simple femtosecond pulse monitoring system. This system is achromatic, it does not require angle or temperature tuning, and it enables observation of the pulse evolution during its propagation in the crystal.
